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RELIABILITY ASSESSMENT OF THRUST CHAMBER COOLING CONCEPTS 
USING PROBABILISTIC ANALYSIS TECHNIQUES 
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The life prediction methodology calculates, in a closed form, the cyclic life 
of a milled channel coolant design based on one of two dominant failure modes, 
thermal ratcheting or low cycle fatigue. As the thrust chamber is cycled, the 
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chamber case. The Monte Carlo simulation does weakly suggest (55% of the 
simulations) that low cycle fatigue is the main failure mechanism of NARloy-Z 
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effective stress incurred is reported as output from NESSUS, and is 
illustrated for node 1 in Fig. 8. Node 1 is used here because, as will be 



shown later, this is the site of highest structural failure probability. The 
material strength at each nodal temperature was estimated from reference 20 


CD 

XI r- r- 

1— 3 3 

s- s- 

3 3 


• 00 P H 

E 0OE*r U' 

J> O op 

r -a • “o x= s- 

j. C DlC -P -P ■ 
3 no *r- 3 cr in 

S- Ll. S— C 

S- <D O 

O “O P CP S- *«- - 
f— a> *r- o C P P • 
pi — CD CO on 

CD 3 *i- C *0 **“ '■ 

> Xi X3 2 C 0O r— 

S- t- 03 O <D-a*r- 
3 -Q JC Q. CD -Q 
Cj p O on CD CD 3 

in S- "O U jQ * 

CD •<- CL O C X O ■ 
S- *U3 00 t— CD 5- 

3 CD i — CL' 

4- > >>-C 03 "O UO 

ro < — 1 — CD on P 

C r— on S- CD O 
CD 3 *r— CD £- 

CL E • T3 4J L 

E t- on r— < *i— on a> 

CD O O on 5 

p c • <d c a; o. 

O “O O S— Q- 
on 3 O U CD 
3 PC XI CD . 
on on O CD 3> x: 

5- 03 p S- ! — 

CD c 3 3 in 

> T3 O CD 

a; v- _c .c > • . 

r P P p p s- >> 
P 03 3 D)D)3-M 
OlE-r C C U -r- 

C -t- S- CD CD r— 

CD x (d L L CD -I- 

C O > p P XT Xi 

PS- on on P 3 

oo CL 4— -Q 

aOr-r- L O 
CD <T3 03 no CD i- 

r— p *r— »i— "O CL 
‘r- 00 C S- C 

on 03 CD CD CD 3 CD 
C 5 -r -M +J i- 
CD U ntS no 03 3 


CD 004- CD "O no no P 
P c (D x= c 4- tn in 

O CD O P no CD CD *«- 
£ L U r CD 313 

* r— p l^+jx:cj 

P in 3 O on +-> *r— CD 

«— 4- CD “O C on 

3 on _c S- c P xc c 
•.-PCP3000 
c xc * 1 — o on cd a 

no 1 — 5 *f- - cd +-> on 

+-> CD on > CD 

C CD 3 > CD *r- on t- 

O • i — _Q •<— ' — P 

C _Q -r- P ~Q no on on 
T3CDnOS-UnOU>>t/0 
CD Q_*i — P CD •»— *r- i — CD 
U0 CL S- 00 P S- "O 3 S- 

fC O 03*i-4~ 03 C CP 

_0 (J > "O CD > *r— 03 on 


i — CD CD CD 

4— no i — _Q S- 

O L a 3 "O 

CD 3 EU i — CD CD Ci — 

r- S- «P fO i — - *i — C -Q 3 no 
-p CD U on 3 CD no *r— p O S- CD 

-p 3 O CJ 4- P C O P 3 XC 

4- C P CD 5 C in 03 P P 

O CD -P CD CD CD nO O >> CD O 

U OO 5-^-O-C CJ -P S- 3 C 

>v (O CD *i— P CD > i/) *r rO L rO 

PPCDr— r— P> Pr-Pr— P XT 
*r~ in XT 3 3CDonOOCD*i— onuop 
, — (DPP >>I — no 4- $ — Q -Q CD 

♦ r— P Q i — , — P E no 00 CD S- 

Q3P(DP33S~>>C3Xac/>XI<D 
rO CD rO E C 4— P CD OQ O -C O Cl) P r 

JH S- ♦ t — CD CP O U S- 4- CD 

O CO i — S- *r— . — CD 4— CLP C •<“ 

s_ , — CD U no E no * >>P on *i- _C 

Q_ CD no CL'i — *r- *p- CD CD P on P 

.X ^ X 4- S- S- S- P 3tnp S- >■> 

O) | — CD4-CDCDCD*ri — S- CD on CD • — 

S- on 3 p Clsz on no x: -c cd 5 p 

3 no x: UO no X P 3 P CD CD O C 

i — • CD P E CD CD cr *i— P ' — no 

•r- “O -r- rO •' — ■ >> S- CD -C no O 

(ONP ? XT «— 3 P _C r— >>*r- 

p O CD-X ppi — O P CD ■ — 4- 

• x: p c u *«— S- *r— P _n cd p *>— 

CD CD c -r- <0 $ O nO S-PXICC 

JX -r- CD CD E S- XTPinO p no CD 

pu cp 30 CDon ppp o*r- 

Ponon c one no CD -r- on 
-C -r- in no -I- S- •«- CD 0 ) X L P 

_3 -r- c: 00 <£ I — 3X3 E l/l p CD*r 1/) 

U OC - UPCD3 -CC-r- 

rO "O O >>CU ^ nCU I O) 

O CD "O CJ . p w O P *<- U (1) •*— XT 

LP CD CD -r- 33 PCinp 

Cl no P on ■ — "O O CTP O O CD 

Q_ S- no *r- • »i— • i— X3 CD O C CD C 

nO P CJ CD-Q «s 3 no S- CD S- CD 

tnOon-r-ioc\JO p CD CD no S— 

3 3 i — -r- Ll. _0 r— I 5 >0 C— -O S— P 

Or- -C OO I — L- CD oo on 

.r-r-inl— c$- • CD *— CD E XJ CD CD 

p -r- *r— *r— Q.O S- (O C CD r- X t r- 

CJ ^3CJCS~3P3nO 

C OO - •“OCD*-HPOn0*i-O P-r- 
3 *r- cX° ^ — . CD S- ^ Q-r— E P XI C JO U 

P CVJH U 3 3 CD on *i— S- CD 

I — C' — on S- CD oo S- CD P 

CD CD *— * CD CD -r- CD 00 P P CL no 

PC T3 T3 no I — I — noru-r O E E 

fOC -0*i-P CJ CD CD P C CCD 

p ro CD C > >>C£~ nC PCD 

onx: S- s — ■ CD o\° o c o c >> oo xe 
03 C\J no C *r U) I — » — P 

P i — i — on • OO -C -i— i — i — no 


•>- T3 -r- CD 
E CD no C 

•r~ i — 4— C 
r— no 

•r- P JC 

<D B o a 

-C 

p S- >>P 
CD P C 
cn CL'I— no 

C Q_< r— 

*r- o -r- O 

XU X o 
o no U 

r— CJ _Q 

clzi: o cd 
E Ll. S- XT 
LU o CLP 


oo no C ■ 

CD *r— 

cur 

*1- C P I 
"O no *i — 
c 5 
•f- c 

P O "O 
-I- CD « 
CD P P 
L (O no 
3 i — *r— 

. — 3 P 
•r- CL*t— 
fO O C 
P CL*r- 


C CD on CD on 

O CD U -r- 

*f- r— c P P U 

P X3 CD on -I- -r- 

3 no 3 O > P 

-Q I — i — E •!— on 

•I- p p **- 

S- C C CD •«“ I— 

P •?— • i — S- on -I— 

on (O cr 

*r u (U CD no 

-a CD i — on on jcj 

P -O CD O 

>, in ft) r- x S— 

P -r- _Q CJ Q- 

--- . — s- fO 3 


i— rO *r— on 4— 
•r— CD > L- o 

X 2 S- no DO 

no nO E > C S- 

X2 O *1“ CD 
O on -a E p £ 
S- P C O £- O 

a c nou o a 

CL S- C CL 
in C no CD "O 

in-.- cu s- a: c 
CD x: no 

S- TD P x: 
pi — o • on 
on cd cd -r- c oo 
•r c r o cd 

CD 4- *r- 5 -r- C 

> p p . — 

•I- E CD CD no 3 

P O “O P S- P 

CJ “O no CD CD 
CD C O CJ “O on 

p (O P’r -r— 3 

PS- “O in 
CD CL C C CD 

p , — i- ox: 

CD C CD OP 

X CD X 3 
P “O c i — - 

c on no 3 C 
P CD O P *i— 


O CL O »— CD no 

CD P CD i- 3> 

>»T0 U 3 fO fO 

P C <3 O O 

•r— *i — p E ** 

> CD on 

•r- “O >^ >■) O CD 

P CD P P OP 

*r“ E * 1 “ •>- E no 

on 3 > i— O 

c on * 1 - *r— CD P 

CD on p xi S- on 

on 3 *r— 3 •«— c 

on •«- 3 o 

CD CD C i — O" E 

XX (D (D Q) CD 

P p on s- S- “O 


0 >—C\l 

• cr. 

i—l rv. r-H 

(XI 

p . S— i — 
O 0 0 3 
C '—'P -r- 
CD O P 

3 *r- CD - C 
r- on S- “O CD 
3 C 3 CD 3 

> 3 P P i — 
CL 3 SC 4— 

3 X S- CD C 
CD CD E *«- 
>) CL 3 
X5 i — £ O P 
3 CD O on 
33 E P T3 O 
CD S- E 

P CD "O >> 
cr ci- (D 
(0 P 3 S — c: 
on 3 P 

. CD CD ^.r- 
L x r\ t- in 
CLP C\J E no 

cd on *i— 

S- CD • on p 

s- O c 

on 3 ' — on CD 
•r- 3 -r- 

on x x u 
. >> s- P -r- 
P OUOiP 

*r- P *r- P 

> O 5 CD CD 

•r- 3 CJ O 

P P i — C U 

• r- CD CD 

on p c s- c 

C C C CD O 

(D 3 3P-i— 
on c r CD on 

•r— U L C 

EE no 

3 o p - a 

E “a c on x 
•r- 3 P CD 

XCDi—r— 

3 X O 3 i— 

S P O on 3 

U CD E 
P u s- 
. . 3 - CD 

X/-v 0 r 
cd p oo on p 
3 00 CD 

■> cr $ x cd 

• r** O • P XI 

c x: o p 
- x: on — P 
cj o • 

• CD on P <J 

P P CP 5- 
( i — CD S— * i— 

. un 3 -r- O N 

» -r- on CJ CL E 

1 I/I (D*r CL<C 

: >> S- P 3 


w 
CD P 



? -h no 

CD on 

x: p 

X 

- r- 


X3 S- 

P CD 

3 in 
E no 

5- 

a, 

O O 
C P 

cr cd 


| 

(J 

c x: 

CD 

c 

P 3 

•r- p 

XT P 

a> 

5 O in 

t= j 

3 P 

O 

P O 

4- J 


3 C 

x: 

l/l 


CD P 

X3 *i— 


• r— 

3 C 
2-r- 3 

in C 

CD 

• CD 

l/> 

d 3 

CC >> 

a -c 

c 

^ S— i — 

O C 

P • 

i p 

o 

3 O 

CL*r— 

C 1 — 

3 

u 

cu'> S 

on E 

* CD 

o c 


CD O 

CD 3 C 

U < — 

i — i o 

in 

c 'f; n. 

d -o 


-r- S- 3 
i — CD X 
CJ u 
CD C 
3 3 P 

cr c 


♦r- 3 “ CD C S- 

P Ll- CD on ^ -i— OP 


3 P O 
P O 
CD CJ 
S- CJ 
CD 3 "O 
P ID CD 
E CD i“ 

3 S- i — 


3 CD CD 
O XI O 
3 1 — CJ 


: P -r- S- 

1 on 5 CD 
■ 3 CL 
i S— on Cl 

: -c s- O 

i P CD u 

L p 

: CD CD CJ 

ir Ei 

P 3 U- 
S- O 
s cr 3 
; c aa) 

. »i — JZ 

> on CD P 
: 3 on 

> CD CD P 

S— n o 

> U P 

: c cd 

> -r- C on 

*r- C 

- C O 

) *i— >-> Cl 
p on 

- S- *r- CD 

j a) i — s- 

: 4-> *r— 

; cd xi on 
E no on 
? 3 *1- CD 

- S- s- s- 

3 3 3 P 

: CL > on 


r r — i— VL/ W 

cp S— m xa 

*i P*«— 

Pin^-PS- 
-o O -r- ‘•Z CD 
CD JP O CD 

P S- P UX 

3 (D P 

S- P 00 P 

p C • _ in P 

tn CD i — = 0 O 

3 cj i — E cr 

i — 3 ^ S- CD 

r— CD 5 *3 3 t— 


P CD J 

on -a t 

-r— S- *r— 

3 in J 
CD CD I £ 
in C P h " 
c c 
0-0 3 
CL CD I— *3. 
on P Oio 


o on • 

• r— JZt 

P *•— CD 
P U > 0 
CD *i—i — 
O CD P -Q 
O -C U 3 
P CD P 
P P 
in P P c 
O) O CD -I- 
cr 

S- CD CD “O 
noi-r 0 
^ no P P 
“O C 
CD P CD 
x: E O on 
P CD 

CD >> S- 

x: p cl 

. p -f- 

p > on 


on p Oio CD *i— P 
CD 3 o •to •*- on 

S-Ocjonocx>onp 
O CD C T-H C 3 

Ci — CD on CD CL 

•r— x: >,p cd on c 

3 CD P i — 3 "O ‘i— 

S- S- 3 O CD 

p 3 p cto cru 

on O 3 CD P I — 

cn P CD CD 

<DCS-I — 3 JZ -•*— 

> O CD 3 O P >^p 

* i — - 1 — 4-J c O r— 

P cr c Or— Pr— E 

o CD CD -I- 3 3 0 

cd s- u p on c: ~a 


3 -r— "O O C 


P C CD P CD *r~ 3 
XI 3 (DPP S- 

3 P CL CT 3 *i— 

S- E C UU 0 

P P O 3 o ~o x: 

tn 3 (J S- i — <C P 


OffJGihLAL PAGE IS 
OF POOR QUALITY 



temperature ( 0 . 805 ), thermal expansion coefficient ( 0 . 532 ) and channel width 


r 

-a 

• 

^ in 

CO 

3 

"O 

> r— 

P 

c 

CO 

o 

c 

^ CD 

-C -a 

CD r— 


•r— 

- o 

E H3 

P 

E 

^ E 

c •«- 

XJ *r- 

S- 

QiO c 


S- 3 S- 3 i— • O 

3 i — v- CD CD « — 
+J4- > +J-Q 01 
o 3 O O > 

3 O CD Q- E 

U -r- M— 

P P CD CD CD O 

in co p 3 > 

•I- P O r— 3 

03 <— O O 

P *«— CD in *t— , 
P P S- • +-> 

(t> 3 o u; 

• in JQ P S- P 3 

' in o Q- CD 3 

CD S- 03 P X3 P 

d in cl u E o 

: in <o p >> 

■03 - O P P 4-J 0 

i >,P O 03 *< o 

[ >,r— E in 

> r— r— X3 3 C- 

■ i- (O CD O O (D 

CD U O-T- r— T3 

; Cl* i — O P O. 

■ o P r— in 03 >> 

-*- CD DU-P 

-> CL U > P *r- 

> CD CD E CD r— 

: O CLX3 O 4-> *r- 

■ p in o 3 P 

( CD O cO 

> -a a> p cd S -Q 

• O 5— 3 O 

>000 *f~ co s— 
)ps:+j oi cl 
: in 3 >> 

I S- D CD O-P 

CD • CD > — 3 

> xj in cd p Q-*«- 

: 3 ■ — cz <D E O 
i 3 CD (U’n 

e in o 

--a 3 < — o o cd 

) C 10 <D 5-+J£ 

j fox-a p 

u O c in 

5XJ E *«“ *r- Q 

1 0 -P p o 

) N Cl — P 03 P 

- *r— CO 03 -r- 3 

s- i — E 5 O" in 

; CD o S-. -r- 3 

> P O 03 “O 3 O 

> a u p 3 p *r- 

2 03 P 3 UP 

3 £- P O CD 05 

<0 O U P- P =3 


^ CD C H- u in 

-P *1“ .^1 •*- 

_ CD “O 03 ij i — 

S~ “O JO S- -r- -O 

CD O P P 3 

^ CD i — O 03 03 

?Z P 03 . Q 

« _ 9 . 9 -.a P ' 


= C COO'S S-r- 

C *= m *r- CL CD 

O M U CDX 3 o 

.zl 3 03 P 03 O 

P^ 5 CD O 5. E 


M- ^ 10 P X in -r- 

P *t“ /it C * ' ■ 

>> CD +-> in ^ O CD 

*i-'c\j -Q c O m *r- in 

*•— cm E CD cl/K -p *o . 

in • co 3 E 03 p 

3 o o r— 

cd >, a au n =3 o3 

"O Cl E cm u 

• — POO) • i — in ' 

>>roinojztno3 03 
-4-> SI 33 P P O 

•r- + j s- c c "a 
r— 3 P ■«- - 03 CD 03 . 

•r- CD P P 3 3 in 

P a O -r- =3 

<0 T3 CD 4-> 03 CL "a 

D cr c S^E^om 
o fC P -I- P O O 03 
a (« car- 5 


P 03 Q- l/l P P O 

3 >> C o u Ur- ULJ 

O CD OP O CD (C OS 

cd > — c-r- 3 oo ppoo 

cd -p a~*«- p o 3 a: =3 oo 

CZ CD E OU*r- ZS 03 P X3 
_x q; -n 03 p — i o cd CD 

in c_> a clp 3 p p 

r— O O 03 P CO < U CP 


r u >!<t >^c 


S- 


-o 

0 ) 

P 


P 


P 

o 


P 

p 


a 


>> 

•r~ 

in 

•i — 

■r— 

p ■ 

in 

3 

in 

3 

3 


r— 

u 

i — 

P 

s- 


03 

r— 

CD 

o 

i — 

•1— - 

•i — 

*i — 

03 

o 

0> 

P 

03 

*r— 


3 

p 

3 

P 

i — 

Q- 

P 

S- 

3 

s- 

"O 

P 

CO 

03 

03 

3 

tn 

P 

o 

3 

CD 

o 

03 

•i— 

P 

• i— 

O 

3 


Q- 

CO 

Q- 

in 

S- 


O 

t- 

i — 

<o 

o 

E 

P 

X 

03 

03 

03 

CD 

03 

c0 

a 

p 

*r— 

O 

03 

CD 

O 

S- 

E 

> 

a 

p 


03 P •«- 03 c G- CP l 

P S- P GO P CD J 

p in a P < oo E h 

in in zr cd • 

S- 03 CD "O c ■ — i — ' 
OE*O<D03OQ-CD< 
P P *r EX3^ 

in i — o 5- in **- O 

in CD 03 C CD r- E I 

C T- u -a 3 T3 1 
O u-r CD C ac (Dr 
»r— CD P -Q 3 O CO C 
P cl in s- •»- 

(O in * 1 — o "O CL T3 CD 
3 ^ ^ P in CD CD c 

or 03 I — CO CD Q- CD 

CD C P 03 in U O 

O in CD 03 I— ■— 

P * r— "O S- CL CD CD 


U -r- 

C CD CD P 

<Ur- Lr- 


P CD P 
C -C C 
CD P ♦<- 


in c u ^ ^ ~ 

inOCOi-OCDinO-O 
03 *f- 3 C Q_ CL-O -r- E 

p CO in 03 C 03 

>> co cd -- a) c t- or 

P G- P "O <0 S— CO CL*«— U 

•»- 3 CO C -r- U Q-P 

. — CDS-03S-I — cOcOr— 

•r- o cd co in u co 


cd co cl in 
u E o c: 


Q-r- p 

S- co co 


S- P “O -r- o 
3 3 S— I — -r— 


_OS-EPCL 03 CLS- 
U U 3 O C 2 CLT3 
CP"O 3 *r-O 03 C 
(D •!— co C S- P ,r ** 

— C 03 P X3 P r— 

im in in i — i — in >> 

NCDO>> CD3S-U 

0 3 P S- P •«- P 

c cr p o P p P cd 

1 *i- CD CD -CZ _C 

Die 3 E in CD CD CD P 

3X0 O CZ i — *r— _d 

— o cd O -O in p o 

CL CD CD-r- CO SZ P 


0 n in 
-CI N CD 
P O 3 


CD_Q 03 >> CZ CD 

C *r > L o 3 


5-0 O 05 _ . 

CD CD CL > CO CD 

£p r->>^OS-P 

in CD S- CO P P CD 
in cd in O S- •>— <D CLtn 

CD P CD P 3 ■ — -C CD f0 •»— 

3 -C p »r- p > Q_ 10 
CTlOh P CJ JZJ O >o 

•r-5- C3COOS-mr— 

C CD 3 5-X1P CL-r- co 

^ JD • O P O JC CZ 

u E W u in s- >)ini— 

CD 03 CD O CLP P 


3 •«“ C *r- > 

PJ2-r 5- 
5- (CO-P £ 
<D -r- 03 in o 
5 5- o *r o 


- -a CZ X3 u 


CD 03 CD U 

P -C P 03 CD 


in CD O 
•r- p O P 

in in 


c * > 
*«— in *i— 
s-op 

CD r- 


3 • CO 

in ^ i- 
CD P 3 
S- *r- P 


>^ 3 -cin-ocDin i— 
r— S- CJ *r— *f“ * 1 — c CD -r- 
03 -CG-intnpCDinx 5 
C P <0 >> C in CD 03 
CO CD r— o P -C *r- 

i — in io cj 3 in I — i — 
O 03 CD c: Q_ - CD 


u a: co >> c cd 


p *i” 

in S- in CD 

•r- “O -r- XI 
1 — CZ 5 p 
a> 

p - — p cz 

(O •»— 

P U <C P 

O COP 

UH- < -r 

cl o z: ^ 


in * 

c: ~a > — 

o CD 03 

ac l 


p • o Cl cz S- i — in 
in “a in t- 3 • r- cd 
czp cz cd Epps- 

*-003S-S-Uf03 
£0 5- CD 3 P P 

+-j p a> p a o x 
<- p m p cd p a * r~ 
5 cd co p -a in clp 









03 




03 

5?’ 


3 


03 





P 




N! 

iiio 

& 

o 


S_ 



03 


-M 




* r— 

r 


■ i — 

CD 

3 



03 

CL 




p 

E 



P 

03 

in 

s- 


s- 

i — 

O 


3 

in 

•r~ 


o 

CJ 

S- 

in 

p 


Ll 

CJ 

P 


O 

3 

3 

w 


XJ 

Ll. 

03 

S-. 

03 

E 

P 

in 

3 

CJ 

CD 

<o 

*i — 

P 

a 

p 

E 


o 

fu 

a> 

3 

a_ 

O 

3 

03 


3 

3 

u 

p 




s- 

03 


03 

a 

CD 


>. 0 O 

a 

•!— 


X 



CL 

, CD 


CD P 

p 

>> 

6 

03 



p 

1 


o 


cd x in 


C P X p 
CD O 


H- O 5- 0 U N ' — 03 i — in 
* t— " — 0 C 5- I CD 

r— p c CD >->cj cd“o a ■ 


(J E (0 

oi cor 

CD U CO 

•r- O U 

P P 

•I-H-+J C 
. — O in 03 
CL 3 r— 

E CD s- O 
• 1 “ P P o 
in * 1 - p a 

03 - — “O 

O co CZ 

C-r U <C 


co cl o in 

P . — U_ 

cj 0 az o 


c a) *r- r— ^ 
i — a ~o a>* 
E a3 a a r 


CD f 0 CO 

p E P 


cz m 3 P 

ro in E 

CD P C0 *r- r— “O 

_lz p P m 03 a 

p co ^ p co 

•r~ o / — - oo -o c 

5 •!“ I/) 0 0 0 u 

T 3 01 — p E o 

in cz i — cj 

cd *r u >) o a > 

I — U Q- CD 03 

P in u CD Q_P 

03 P CD 5 - X 0 

■ r~ i — LO t— I CD P 


CD *r— *i— 03 

S-. r— p “O 

in 

03 CD CD < — 


u S- in 03 p 

-a >^“o cD*»-r— 

CD O CZ *r- a 3 

m *i— p 03 m o 

co CD • — C— > CD ' — 1 
P P >> CD t- 
P CJ Q. E 
CD O O O 

3 CDl\l LOr- 
CT CZ I Q_ C S- 
•r- *. — co 03 

cz p o i — a cj 

P co i — 03 
U I — Od *r “O CD 
0 3 < 5 - 0 P 
p E z: cd P cz 

•I- P 3 O 
o in “O CO p s: 

1 — C E*r 

s- tz co a 

CO *r- a p • 

cj s- 0 m c 

-a cd p t- o 

cd cd aEo-r 

P >, Q. 03 P 
CZ O O P >> 03 

Or— a U r— -r- 

21 CL r— s- 

E— - 2 co 
OICD >)in E > 

c PO 5 - 
•r- in • r*“ co OP 
r— CO > O CZ C 

CL 5 *r- 1 — 

E P “O 00 
03 >-» O r— ID P 
in CD 3 CO E c 
OO E 3 0 

pi — c S- in -r- 


o a > e cl 
O- CD 03 in X 
CD Q-P CD 03 (D 


CD P 3 -O r— 
a 3 t - h i i— i Q3 r~*~ CD cO 

03 in O — 'P ID « — *i— in cz 

> CD i — t 1 — PCT5033O 

a ' — in p *«- p •*- 
E a s~ cd p 

O O CD CD • P CD a P -r- 

T3r- PPI^MPPCD -O 

p a -r- e i 03 cd >>-o 

03 03 i — 03 >-> 2 E 5 1 — 03 

a CJ P O PC 

O CJ « — PPCDO - 
XJCD'i- CL CZ O P CD 

a; p < — p c cd ~a a 

pczooo^ecpi— O 
30>>3 CD O in 3 E 
p2os-acD -i- -i- Oi- 
•r- POS-P3PCD 

a cpp 0)0 oiior 

P • 03 CO P C P 

oo cz a; a E 0 ’i~ 0 5- 

•r-oEC)oopapa3 
X3 •!— q_*i — rnainou- 
pao-c:cDS-.-r-p 
>> cO 0 O cO T3 CD T3 

i — -r- Ol O P OP "O • 

r— a CZ U E C O CD 03 

03 CO O ^ O -r- p 3^P 

E>r->,E>^ _ O -r- 

G- P r- Dljr-r- 

O P cO *r— CD CZ C *0 Q_ 

CZ C > a O -r- r— E u 

a> •!“ 3 C CD *r- 

O l/l >pr — O 01 — » — 

03 P 03 O’*- 03 “O 03 >^U 

ECP303pS-OCr»>^ 

Z 0 OP (D fO-r o U 
in •»- in q app* — 


*r- in Q_ 00 CD U- 


-a • 

O 0 0 
p >^p 
O •!- 


uoo 0 inu$-O 0 p 


0 O UP 

s- o p 


P P CD w 
P E p -r- O 
03 CO CJ) P E 


3 in C P “O CD 


03 *i~ C 03 OP*r- 03 03 P 

E z <c 5 cj ornp-o in 


POP 

opE 

Q_P 03 
>> CD P 
P E U 



the variability in observed cyclic lives and provide better distribution 







P 





03 


X3 

C 

-a 


CD 





c 



“O 


c 


CD 

03 

c 


■a 



P 

r— 

CD 

CD 


CD 


•r— 


C 

P 

03 


o 



to 

CD 

U 

> 


P 


-3 


*i— 

P 



u 


r— 

3 

C 

P 

♦i — 

c 

3 

CD 

to 

P 

P 

O 

CD 

13 

p 

03 

P 

- c 

CD 

P 

03 

CL 

SZ 

*i — 

o 

CD 

r- CL 

to 

C 

s 

CD 


-C 

C 03 

CL 

U 

CD 

E 

p 

r— 

p 

TD 

03 E 

c 

03 


L/l Q-P P *r- SZ CD 

00 CL-r- (O U <1)4- 

(D O C « — CD > P , 
P U -r- 03 <£ +-> -r- <D 
P U 3 P ' 

CO O 3 03 P 

3: ro P • r— J= O 

P Ll. XJ i — O P P 
(D O to 3 O O ■>— 

-a -m *i- o u 5 uo 

3 3 3' — P 3 

33 05 CD >, “CJ </) O 

i/) U i/l C CD T- 
00 4- CD U 03 i — P 


E 03 O JCt E *r- O 

U -P T3 l/l CD L- CL l/) 
£ C -3 03 P P -Q CD >)00 00 

4_> -f— <D P 00 3 -3 P CD CD 

•r- _3 OVO CD 0) 3 P <D P P 

5 -o p 3 <D E od > p 

CD CD "M CD U oo I — in 

*• N C 5- U DQ L. - lO 03 

"O >> O P *»— *i— CD CD •!— P CD 

CD i — 00 “O 13 00 S- 3 > 

a r 3 3 
CD 03 -M 


P 03 *D 

03 e cd 


> p 

i — in 
to 03 
i— P CD 
3 > 


P C U P 


CD O P CD *r- 


U 03 i — P 

-r- £ u 

3 tO 03 3 


=5 . — (DP 03 CD *«“ 3 
p (D S- j3 ♦(— P P 
U XJ 4- U P (O 
Z30000CDP>3 
S- £D E CD O 
P PO >) CL E •«“ 


S- 03 00 03 CL i — P U U CD 13 U 

<D 03 -r- 03 3 *r— S- (D 

C 5 - t /1 5 - P P U P P 

<D i — CD 03 to O P lO 4 — 

CT> CD -3 P 5 CD 034 - 004 - CD 

-O U 03 “O CD 4 — P 

<D O 03 E C\J *r- L P 0 CD 3 C 

P £ O i-H t/) (D C -3 O O O 

CD L 13 O I CD P U 


'(/)Pr- O O P-> 
IUJ-r 03 P X 3 3 
: 2 Z r— P Q_ 3 _Q 
► *r- 3 03 *r- 

■ P _Q P i — P P 


P X3 O I CD P U 
P CL CD * CO * — E 
3 Q-EO03 03 CD 3 3' — 


(D CD 03 3 


•I— o # r- 3 03 •!— 

p -i — 4— _Q P i — P P 

00 00 O 03 O 03 P 

03 3 -r- 3 «r- “O 10 

£ CD Cr- i- 4 0*r 


D) i- L *r O O (/! 
I 3 *r— •»“ P 03 


u E O (DP d'p-a 
O •<— -i— P to P 3 
P "0 P 03 -Q CD 

IT) 1 03 i — U E •»“ > 

O U 03 


4— 5 *«- P -p P P P 

O P « — Z3 lO CD to 03 

Q-P *«— -Q *i“ r— 

3 -aur- E T3 3 

O CD 03 3 -i- 03 E 

*i — P P -Q -3 >> 13 

P <0 l/l P «D U r- CJ 

03 E -r- tO SZ r— 

3 -i- -C O - 03 
i — X ! — CD P to E • 

03 o -3 CLT3 P 3 

> P p 03 O O 

LU a • r— o 3 *•“ 

CLI — CD 03 I — P 

r— 03 CD 3 E "O 03 

03 3 •»— P i — CD *r- 

U33P005EP 
•r 03 03 L/l 4— E 3 03 

P -C 03 P L/l > 

CD 3 U O 03 CD t/» 

E O CD £ fDP 

3 4-> 3 CDP O 

2Z "O 3 O 3 CD 

' — - CD rc 4- *r- ~0 P to 

to i — to c: cd P 

C/}-r-03I3«J23 
ZZ U O -I- CD 


3 CD CD uo O P P P >) l/l p P 

Or— P 03 O U (UP C C 
CL CD 03 >>-3 3 P 3 03 O lO 

to p X3 p p *r- au P 

CD CD t/1 C *»— CD P “O 03 X 3 

P P 03r— .3 lO 3 P <D O CD 

•i — +-> -r- -p 03 P -HE 

r— C*r C£ ' — <D < tO 

03*r-EO03C03t0CJ03S-.L0 
S- 4— -i— *i— _Q O Ur- CE CD CD 
33 i — -HO -r- 03 3 S- X> tO 

-HX3 3 S- r— +J > CD S- t/) 


U CD 03 _Q CLCD-r- S- -H — 
3 C * r— CS-CD03-H 
S- -r- CD s- CD C UPC 
PP C P L. (0 C-H 
LO CD •<— to 3 _3 C * 1 — 

S- t0 -f- i— U •«- CD 
C => “O *r- C +-> 


S- O • to 03 

H E C= E ■— 

to S- O 3 O 


, _ O O CL _ 

i— CD *r CD P 2 lO *n U *i— tO tO 

03 E P > CD CD X _Q C tO CD “O “O CD 

E 3 03*r (D E ^ fdU <OTpr C CD L. 

tO > 4-J r— 03 E 3C -Q ' — P <0 > 

CD to O-QS-tO Li_ O - 3 O C 

SZ 03 4— CD fO 4— CO 030 P*»“ t0*0 CD i-*r 


O *r- C P <tJ N •«- 

03 -H to O 03 -r— -r— _Q 
CD 4— 3 CD •«— U L. E 

LO f0 •< — H *r- CD *' — *r~ 

C E ' — P-> U’D P Cr— 

O 3 O-r CD C dj-r (U 

CL E o r— CL-i— E E 5- 

LO * r— u *»“ to 


33 U O -i- CD 

t/ - ) S- U tO CD >)••- 
to CD +j S- p P U 
LlJ XT3 CL CD 3 H *r- 
Z CD (D £ -Q to CD 4— 
i — CD E to E 4— 
CD LO i — P 03 CD O CD 

J3 03-i- P J3 S- CD O 

l — 5 E a3UQ-Cno 


4— S- CD 
4- 05 U S- 
CD CL-i- +-> 


“O O to 
C U -r- 


CD CL O CD C N CL 

S- - CD P S- 03 -r- E 
P C£ (U P P -r- 

00 o -H S- C >^+-> CD 
•r- 3 O +-> C +J CD 

Cl) ppi — U-r-CD u > 


C > 3 O *«“ 


> E 03 CD 


tO -i— «(— _Q 03 >vr— C *f~ 
t0+-> E H -i- S-4-H+J O 03 -C 
tO I — S- u p CD * r~ -i — S- _C O 
CD 3 CD (D P P £ ' — tO -i- U 03 
S-tOP4— IOCU03C:> 
p(D£DP-r(D33(DCOO 
to S- T3 CD “O U to CTOO (DPP 


X 3 

c 

03 


to 

♦J — I — 

to 3 03 

>> O to U 

>,r— -r- U (D -r- C 

-p 03 +->-r-i — S- £ O 

CDT-C 03 C 03 05 CD 

-pi — 03 U 03 E SZ "O 

03 *r— -r- SZ %- +-> U CD 

S- _Q U P U CD 3 to 

O 03 •«— tO CD JZ, CD CD 03 

Q_-r- P -i- £ P E U -Q 
Cr- tor to 03 

O CD -I- CLX 3 lO tO CL >*) 

CJ C- . — O CD tO P 

C -i- to 3 CD to -i— 

-r-CD-Q » — i- tO C i — 

> f 0 r— p 3 03 -I- -r- 
O -I- -Q CD P SZ 

plOO"OUU-Xt 003 
C S- O *t“ 3 lO S- *r- 

P CD CL E P S- *r- CD r— 

S- J 3 to P P > CD 

O CD P S- -r- lO *r- S— 

P L- C CD < — CD s- 

4 — CL CD -Q •*— CD > X 3 E 
(D E w E -Q £ *r CD 

O CD 03 OJ P P >>P 

C O P -3 _Q 03 P LO 
03 CLUOCP-r-^ 

03 P *r— -r- i — tO 

C CD P CL P *r- 
*i — 4 — _3 to >, C £ (D 

O P 3 DIP 03 03 U 

tO P C C 3 *r- C 

DIP p_c.f-.n- CT. — 03 
CPOPP 03 <D-C 
•r fOP 03 P C p C 

“O CL a> p p •*- CD 

C to -3 O CD p 
-i-t 0 CPQ-Ut 0 O>> 

P 03 O P 3 P r— 

•t— CO O 3 P CTi P 

>,^.P 3 U 0 3 3 

P<£ U 3 CD P CD 

03 CC CD > -i— _3 4 “ “O 3 

ca p o pcdcct 

•r- " — -r— p *o 03 CD 

E “a CL C CD CD P to 

•r- p £03 isl p tO _Q 

1 — c CD T -I- 3 P 3 

CD CD P -X E P CD to 

P E 3 CD P •«“ 3 T 3 

CLIOPT 3 O CP C O 

to 3 3 5 3 P 

P CD Li_ r— <D E "O 
C tO U E 3 3-0 

CD tO C 0300303 C 
tO <C • 'r- P P 03 

CD E P CD CD 

S X 03 CD to CO P to 

CLlOPPl>Oi — (D 3 E 
CD -i— CD CD ZD CD -3 LO CD 
P CL 0 £UVDH CP 

P (O O CD to • 

CO O CL “0 LU E >-> lO 

p-r- CD IS • O tO P 

i — -P P P i — PP CD 

3 tO C P CD 03 C C > 

LO CD O _3 E CD O *r- 

<D « — E CLP P £ P -r- P 

3 -r— CD CD CD C 03 to "O 

X 5 >PC-COtOr— 

CD 03 O •*— P P tO 3 CD 

tO-QP-X-C *t— CD Q- to 
CD O CL P P "O > CJ O CD 

_CPEO*«-CCCDP-C 
PCL-r-S^OJCDC CLP 


I 

ro 
m 

< • -a 

z: op 

cn a. o p 

P C « — 3 P CD 

U -r- (D Pi — P 

03 5 A3 -O 03 C 

l or LX (U 

p r- u CD O 

Ci r- > • 

O oztoar 
UP u 

• p p 
P CD P O P 03 

CD £ Q 03 CD 

■OP -r— CD tO 
C •• » — CD 

3 O >> > • CL 

p "O 05 P 

P 3 CL Q tO 

CD to P *r— 

P JX tO • - 5 

C 3 >> CD 

CD 05 tO -X I 

P) -C *r- P tO 

P -C P > C 


.3 P CD O O0 
Or- _Q -X C 



P 05 C 1 — 

3 ^ 

to 

03 -r- -r- <C 

03 

P 

CD U 

^ P 

3 

<o cd cd -a 

O 

CD 

CD CL U 3 

• 

E 

cx on c 03 t/> to 

CD 

03 

•i— • 

CT 

to P P 

P E O 

TD 

*r- • tO CD 

P 03 “O 

CD 

2 L *r >, ai £ CD 

i — 

CD O CO CD 

£U- 

5 

—i p to E 

o o 

O 

• r- fD P 

CL • P 

c 

< C 3 

O 

-X 

</) O T 3 CD 

P 

u 

<C E 3 3 

to to O 

c 

ST 03 O' 

3 O 


to 

•r- P >0 


CD 03 <D • 

-X 00 P 


-3 U '“3 

CL-r- -i- 


P u c 

o P to 


QJ 0)3 

ZZ SZ P 


>-> CL-r- P 

O CD 


-Q O P 03 

• > 


-X 03 J= 

< . -r— 


■o P CL U 

P 3 


CD CD *r- 

QJQD 


P CO P CL 

r— 


P *r- 

03 X 3 P 


O * CD 

0 3 0 


ao sz sz 

03 


CL P 03 

- 03 


3 -X SZ 

• P ^ 


l/l C P C /0 

U P P 


03 O 

3 O <C 


CO P P C 

H -4 3 


03 P *r— 

03 ♦ 


^ to 5 

- n x: 


J 3 i — _3 

>J 03 


-X -P 03 lO 

aix “a 


P -i- 3 C 

o o 


O ?T 3 

1 — • 3 



o z: •<- 


to > o 

3 > 


to to -r- 03 -3 3 


•i— C\j "O v— 

u sz • 


_C LD 3 -3 

CD O P 


P Od •<“ tO 

P o o 


CO 



References 



c 

- 

o 

CO 

•r— 

r-H 

to 

1 

r— 

3 VO 

3 

0>r-H 

a. 

•r— 

o 

on >, 

p 

CD r— 

Q_ 

O 3 

4- 

X) 

O JC 

on 

■P 

c - 

c ro 

•r- 0) 

O i—i 

u cj 

•r— 

3 3 

-P LU 

os cd 

03 <C 

-C P 

D)tO 

c a> 

•IT- 1 

LU 4— 

+J c 

1 3 

CO <t 

0) o 

CD t— i 

4- O 

> c 

•r— 

c 

-J 3 

1 — 1 

o 

LO 

P *r- 

CD vO 

CD to 

4- vo 

_Q i— 

•r- ro 

e =5 

_i r-s 

03 Q_ 

i 

_C O 

CD X 

cp p 

3 

Q_ 

D)Z 

3 

•r- h- 

o -P 

■P 

•r- 3 

03 <C 

-P 

Li_ CO 

to o 

<C 

3 -“5 

«— z: 

XJ 

03 

E xi 

•P = 

o -P 

c - 

CP vo 

a ion 

CM 

E Lon 

-P 

•r OJ-H 

CD - 

P -Q 

-X VO 

CD E 

(J « — » 

Q. 03 ro 

O -H 

X -c i-i 

a: cm 

LU CP 1 

= i 

= t-H 

o 

•P t-H 

-an 

- to 

• 

• 3 >*> 

X3 <C 

O P r— 

• c 

• XI 3 

cc ►-« 

Q£ 1 — O 

c 


«N» 

•r r~ ^ 

p = 

P 03 CD 

a> - 

CD U U 

>-) CO 

>}* r “ c 

CD +-> 

CD P CD 

E a. 

E -a p 

-P CD * 

■P C d) 

COO 

C •!— 4— 

CD C O 

CD r— C 

c o an 

3 >> O 

0*0 t-4 

O' CP CP 


O 


- 



ro 

to 


CD CM 

■p 


3 CM 

r— Li_ 


coco 

3 < 


•r- 1 

to zr 


■P CL 

CD 2T 


03 H- 

a: c 


Lu 

x> 


<c 

CD 


CD GO 

P CM 


P < 

*r- on 


•r- z 

Li- on 


u. 

rH 


— 

■P 


■p - 

o - 


o P 

in cm 


in cd 

= CM 


= -Q 

CM 


E 

-ro 


- 03 

• 1 


♦ SZ 

O CL 


CO O 

• h- 


* 

<c 


CL 3 

<c 


O 

-oo 


— • r— 

< 


>>-P 

r— Z 


-X to 

> 


to 3 

03 = 


> -Q 

a. - 


O E 

to 


-X o 

xj p 


C O 

C CD 


03 

03 XJ 


O P 0 

E 


c o 

• 03 


■o 03 C 

OO -C 


3 •«- CD 

• cp 


03 i — < — 

a: 


CL CD 

c 


• E 4— 

- o 


2 IOC 

>>•'“ 


• O O 

-X -P 


•U CP 

to to 


CD 

> 3 

« 

C 

o _a 

CD 

4 - h- O 

^ E 

U 

4- •«- 

c o 

c 

O P to 

03 CP 

CD 

L Oi — 

X) 

p 

03 Lu 3 

p 

CD 

N Q. 

- 03 4- 

m to O 

• 1 — 

c 

-p p 

2 3 

o 

r— Q_ 

• .a 

cp 

- =3 

X> 3 


• to Lu 

*— 

c 

O CD < 


o 

• qc z: 

4— CD 


< 21 

4- r— 

to 

cn< 

O 03 

1 — 

- c 0 

P u 

3 

• 1 — *r— 

03 to 

CL 

r— -P CM 

N -Q 

O 

> to an 

03 3 

P 

03 cd an 

^(OQ- 

Q_ (— i-H 



CD 


O 


C 

■P 

CD 

to 

S- 

3 

CD 

S-. 

4- 

x: 

C 

1 — 

O 

• CP 

-P 

CL 

CD 

• 1 c 

-X 

CD 1 O 

U 

•r** 

O 

- P to 

cc 

X3 CD r— 


p -a 3 

CD 

0 E a 

1 — 

4 - os 0 

T3 

1— x: P 

C * 

03 O CL 

3 O 

m 

CD 0> 

C Lu 

1 an 

"O O <C 

CD 1 — • 

a •!- z: 

_Q 

fO PZ 

3 

to <: 

1 — r— 

• 3 O 

3 

^ _a 

"O r D 

• E ro an 

CD 

> O Ch c 

CJ - 

O an -r- 

c CO 

1 — » -a 

05 CM 

03 CD 3 

> N- 

>> 3 = CD 

-O CM 

S- -r- -OL 

< l 

< D)3 

= O 

3 0 3 

an 

-UJ *r- O 

— 

• -P •«- 

♦ <£ 

z: p to p 

O < 

. CD X3 03 

• 1 — 1 

O -X -1- u 

< <C 

U 1 — *«— 
- 0 OS r— 

- — 

P 3 > X 

*«- a 

4- 3 

1 — CO 

OPr-a 

> 1 — » 

P 3 OS 

03 CO 

03 03 O - 

CL O 

Nl ‘r— 'f— ro 

r-H 

res 1 — p On 

-a 1 

^ CL >nan 

c 2 : 

E r— 

03 1— 

- O 03 
• CP 3 - 

• C 

00 i c an 

2 OO 

• 1 — • 

• <c 

CL r— r— 1 

-“3 2: 

r— 03 LO 
• 03 4-J «— 1 

«* s 

>n C- 3 

4- - 

_X =3 CD S- 

4- P 

IO +-> E CD 

O CD 

3> CJ _Q 

S- -O 

O 3 S- E 

OS E 

-X S- CD CD 

N! 03 

3 -P Cl > 

OS -SZ 

03 (/) X O 

O 

»“D = LU ^ 



VO 



CL 


3 





CP 

• 

O 


-P 

CD 

O 


LO 

•»— 


to 

0 

an 

-<C 


-P 


CD - 

3 

x> an 

3 OO 

3 cn 

U 

CD 

5 On 

CD 

3 1—1 

O <C 

0 1 — ■ 

•r— 

c 

XI CO 

-P P 

03 

•r- Z 

•1— 

-a 

*1 — • 

-P CO 

3 CD 


-P 

-p >> 

CD 

on an 

3 'Sf 

a> 4 - 

CD CO 

u = 

0 03 

p 

3 3 

O CM 

E 3 

-Q 1 — ! 

•1— — 

*r- Z 

Q. 

LU *r— 

00 1 

to 0 

3 CO 

xs on 

xs 


■p 

CO 

to CP 

h— CO 

CD -r- 

CD - 

CD 

4-> CD 

-00 

CD 

O 

P to 

P ro 

4- 

CD CD 

to < 

to 3 

4- 1 — l 

CL >> 

a. cm 

• r— 

^ 2 

-P z 

LO O 

O 1 


CO 

_J 

CJ 

p 

<C T- 

21 

CD OS 

CD *d* 


0 c 

0 -p 

to 

3 b- 

4- 3 

4- ro 

P 

DC O 

CL O 


O 

* 1 <t 

♦ r~~ rH 

CD 

* 1 — 

CD 03 

■P 3 

to C 


_j 1 

XI 

3 tO 

CL P 

*r- CL 

♦r- OO 

CD 

cc 

E 

*f— 1 — 

•P 

r— O 

s- c 

P 4- 

P cp 

os 

3 

1 — 3 

•1“ P 

03 ^ 

<D *i— 

CD 

x: 

> a. 

05 O 

XJ Cl 

CL 

-Q —1 

XI C 

cp 

03 O 

3 CP 

OS 

E 

E 

E CO 


♦r- P 

3 

+j 

O = 

03 P 

03 <C 

-p 

HP CL 

3 P 

- — 3 

CP - • 

x: cd 

-SZ z 

to 

3 

<C CD 

CD -r- 

to 0 

CP XJ 

CP 

3 

CD Lu 

-P 

CL O 

CD i- on 

3 

= 

p 

-P < 

1 3 

33 

4- CD an 

-p 

+-> - 

x: 

O Z 

CD 

1 — 

•l— _Q r-H 

to 1 — 

to >J 

1 — 

CL Z 

to O 

03 SZ 

_J E 

3 >, 

3 XJ 


C 

X3 

P -P 

03 * 

P O 

P 3 

O 

3 X> 

O XI 

3 00 

<rtn 

X I 

XI -P 

1 

O 

X= U 

•P CM 

= cp 1 

h— X3 

1— CO 

ro 

•r- CM 

-P P 

CP 

ro 

= 3 

— 

— 

■P an 

CD 03 

3 - 

- -P 

03 

O 


os an 

2 CD 

P r\ 

* i/i L 


— * 1 — 


CJ r-H 

to 

-P t-H 

2: 3 CD 

• >n 

• P 

• 

•r— 

to CD 

to ^f 

• s- -a 

3: X3 

3 +-> 

3 

4- - 

*r— QI 

= ro 

r-3 -3 O 

• O 

• CD 

• 

•»- CO 

to 

i 

1— *P 

LU XJ 

LU E 

LU 

•P N- 

N tO 

-CM 

- O 

P 

03 


03 CO 

1 — — *i — 

* an 

4— P O 

- CD 

- P 

- 

P *d- 

03 $ 

1 — • 

4- O 

3 -P 

3 03 

3 * 

-p 1 

3 CD 

t <c CM 

0 4- - 

CD 3 

CD CL 

CD CO 

00 2 

< — i 

* < on 

P an 

P CD 

P 

P r^- 

p- 


>- ►— < an 

03 to 3 

an CP 

an CD 

an an 

1 — 

r- < 

<£ t-H 

N CD -r 

O 

O 4- 

O i-H 

os <c 

os 00 

— 

03 an-p 

P CD 

P -r- 

P 

E 00 

P < 

3 = 

^ 03 CD 

CD r— 

CQ -J 

cc x: 

p < 

3 Z 

3: ~CO 

to CD 

N 


CJ 

CD 21 

-P 

OO J 

"O to 21 

XS Ni 

XJ CD 

-a p 

x: 

CJ - 

XJ 33 VO 

3 03 

3 O 

3 3 

3 03 

»— = 

3 CD 

3 OO 

03 CL 3 

03 'Z. • 

os an 

03 2: 

= - 

P -P 

rO OO 

O 

LO 

-1 — 


to 

-P 3 

LU < — 

• on*r- 

• anr- 

• -p 

• 

— r— 

iS) -P 

• Z 3 

00 3 tO 

m 3 an 

m os 

m on 

• CD 

• 1 — 

CL xn 


• r— - r-H 

• Lu 

* r-^ 

•-a 3 

O -P 

• 3 

cr 1 — a 

3 CL. 

3 

3 an 

• 3 

to 

in •»- - 

O CL 

>n 



^ 03 

•P c 

-p 

- O O 

- - 03 

- 1— 1 

-ro 

-3 

to « • 

“* -O'* - 

>,0 P 

an >— 1 2! 

o>h-h 

an t-h 

-O 

•r— t-H 

P -P XJ 

CL 

3 *— < 

3 >— « 

3 1 

•r— 

1 — x an 

CD -i— •«— 

tO 1 — 

O 

0 

O CL 

-X +-> 

•r- 0 an 

f ^ 

> CD Lu 

P CD CM 

P CD 

P CP 

tO 3 

XJ P r-H 

03 *i— X 

O 3 < 

PEW 

4 -> E 

-P 

3 03 

03 03 1 

S XJ LU 

-X 3 ^ 

CO 3 00 

to 3 

to <C 

>>•— 

XJ CD LO 

. — 03 

3 (CZ 

E r— i=J- 

E «— 

E c/n 

CJ O 

O to CO 

r— CL -a 

to X < 

P O ro 

P O 

P <c 

05 O 

P CD an 

-n 0 c 

ouo 

<C >■ i-H 

<C > 

<c 2: 

^ CP 

a- cc t-h 

2 CP 05 


On 




an 


o 


CM 


ro 



Chamis, C.C. and Hopkins, D.A., "Probabilistic Structural Analysis 
Methods of Hot Engine Structures," NASA TM-102091, ASME 34th 



NESSUS/PAAM (Probabilistic Approximate Analysis Method) User's Manual, 
Southwest Research Institute, NASA Lewis Research Center Contract NAS3- 
24389, November 1989. 

Pope, S.B. , "PDF Methods for Turbulent Reactive Flows," Prog. Energy 


O 


i CL) 

a: -mo* 

U CD C rtf CM 

O CD 0.01 

< 4 - < £l/K 7 ) 

CO Q. r-H 

rtf C O r— 

Z r— ro - 

-M CD 3 00 

U = > C *-h 

CD - CD 3 1 

CL -M Q<N 

(/) S- = ' — 1 

O -3 

T) a 5- 

ftf CD * ^ CD 

O CC C -Q 

_J • = E 

r- 2 : - CD 

CD <tf S- > 

-M3 - CD O 

•r- •• — S 3 21 

CO U_ rtf •»— 

O CD — I 

a. - U CD 

E oo 2 : cd o 

O -M 0 3 

CD 3 tf Z CD 

= CD 3 S- 

• c rtf LU CD 

M - O 21 O 

• Cl *00 0 

■h lj E cl: oo o 

I . o • o 


Of 

CC CD 

^ CD 

r-H 



J3 >-> 

t — 1 


1 — 

- -M cn 


JC 

rtf 

r— O 

• 

-M 

3 

rtf C- i — 

Q_ 

3 

3 

Q- O O 

CL 

3 

■M 

OH- C 



U 

cn jc 



3 

rtf to O 

r*H 

-a 

3 

•o CD CD 

t-H 

3 

•M 

rtf •»— | — 


rtf 

CO 

QC +-> 

• 



•' — -M 

r— 


3 

-i — 3 

o 

• 

o • 

. -1— CD 

> 

3: 

•r- t-H 

3= -Q E 



00 Oi 

• rtf (D 


:r 

r— Ol 

X O. D) 

LO 


3 r-H 

rtf rtf 

00 

- 

Q- 

-CD 3 

CT1 

o 

O 3 

O rtf 

t—H 

n: 

3 CD 

Z 3 Z 



Q_ _Q 

o 

• 


E 

— *r— -3 

• r- 

• 

CD CD 

• -M -M 

• u 

Ll. 

a > 

LlJ U i — 

to 

• 

rtf O 

• »r— rtf 


r "D 

a.z 

CD “O CD 

» 


CO 

CD DC 

+-> 



- 3 

to 

r— 

-M CM 

-M CL E 

* =3 

( — 

u r— 

3 CD 

_Q 

CD 

CD O 

CD CD -M 

- E 

5 

1— Or 

•r- M — lO 

O 

CD 

CD 00 

3 -r- >> 

CD 

z: 

CO r-H 

O —1 to 


CM 


CM 

CM 


CO 

CM 


^r 

CM 




1/2 WALL 

THICKNESS, in. NORMAL 0.0175 0.05 0-0175 0-05 

WALL LENGTH, in. NORMAL 0.0664 0.05 0.0664 0-05 

























































































Table 3. Sensitivity Factors of Random Input Influence on 
Effective Stress (Node 1) 

RANDOM VARIABLE SENSITIVITY FACTOR RANKING 
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NARloy-Z milled channel. 
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Finite element model. OFHC copper milled channel. 




b) STANDARD DEVIATION (psi) 



Effective stress response of OFHC copper milled coolant channe 
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. Crack in combustion chamber liner wall due to thermal ratch 
Coolant passages were rectangular prior to cyclic testing. 
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Fig. 10. Effective strain response of OFHC copper milled coolant channel 
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